This article describes an improved pooled open reading frame (ORF) expression technology (POET) that uses recombinational cloning and solution-based tandem mass spectrometry (MS/MS) to identify
INTRODUCTION
While sequencing of the human genome has obviously been a major benefit to genomics, it has also opened a number of research opportunities in proteomics: thousands of open reading frames (ORFs) can now be cloned and expressed as proteins (1) . Significant efforts have been devoted to converting these clones into soluble, purified proteins that can be used for structural studies (2, 3) . There are presently a number of structural proteomics initiatives around the world that use X-ray crystallography or nuclear magnetic resonance (NMR) spectroscopy attempting to determine the three-dimensional (3-D) structures of one or more proteins from each protein family with the goal of predicting their function (4, 5) . While computational methods of predicting a protein's 3-D structure based on its sequence have dramatically improved (6, 7) , a large number of proteins remain whose sequences do not show enough homology to known structures to make structure predictions successful (8) . In these cases, sufficient amounts of the protein must be expressed and purified prior to acquisition of the requisite X-ray crystallography or NMR spectroscopy data. Arguably the rate-limiting step in structural biology is in the production of large amounts of proteins with high enough quality for structural studies. Current figures estimate that roughly half of the proteins represented within the human genome are expected to be difficult to express or solubilize (9) (10) (11) .
Another area in which purified proteins arising from the predicted ORFs in the human genome would have a tremendous impact is in the generation of affinity reagents (12, 13) .
Array platforms for genomic analysis are commonplace; however, their use in proteomics has not been able to keep pace due to the lack of high affinity reagents for large numbers of proteins found in the human proteome. While antibodies can be generated against synthetic peptides, the availability of the native protein generally produces reagents with greater specificity and utility.
One of the bottlenecks in acquiring a sufficient amount of purified protein with which to conduct structural studies or generate affinity reagents is obtaining high levels of soluble expression (9) . Determining the expression characteristics of a cloned ORF in a specific system and under a specific set of conditions is usually a matter of trial and error (14, 15) . The standard approach requires cloning individual ORFs into an expression vector, which is introduced into an
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Research Reports expression host, and then expressed in separate cultures under a number of different conditions such as induction, time, and temperature. Those cultures that show positive expression are grown and induced at a scaled-up level so that protein purification can be attempted. While automation has helped, the logistics and costs of this high-risk strategy are enormous when one considers the expression of hundreds or thousands of ORFs. We previously described a method termed pooled ORF expression technology (POET) that combines recombinational cloning and collections of sequenced ORFs with proteomic methods [two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and tandem mass spectrometry (MS/MS)] to predict which ORFs in a pool will yield soluble, purified protein (16) . While this method had a high success rate in identifying which ORFs expressed high levels of soluble protein, its overall throughput was low. The bottleneck in the procedure was the need to separate the protein mixture using 2D-PAGE prior to MS/MS identification of the hundreds of visualized proteins spots. In addition, Escherichia coli proteins cannot be distinguished from those expressed by the human ORFs using 2D-PAGE, resulting in a necessarily high percentage of the experimental time being devoted to identification of host proteins. As described below, we have dramatically improved the throughput of POET by obviating the need to quantify the expressed proteins through visualization of a 2D-PAGE gel. In this improved approach, the relative abundance of the expressed proteins is determined by calculating their exponentially modified protein abundance index (emPAI) (17) using data acquired by direct reversed-phase high-performance liquid chromatography-MS/MS (LC-MS/MS) analysis of the expressed protein pool. As with the previous study, a high percentage of ORFs identified in this experiment yielded expressed, soluble, purified proteins in agreement with POET predictions. The consistency of the data in the nine replicates and the simplicity of the method represent a significant improvement over the earlier POET protocol.
MATERIALS AND METHODS

ORF Pool
The Homo sapiens ORFeome version 1 has been described previously (18) . The DNA concentrations of the 7864 Gateway entry clones used in this experiment were determined by PicoGreen (Molecular Probes, Invitrogen, Carlsbad, CA, USA) fluorescence and used to calculate the molar concentration of each plasmid (based on the size of each ORF and the size of the pDONR223 backbone), which ranged from 0 to 23.1 nM. All wells containing <0.15 nM plasmid concentration were omitted, leaving 7352 ORFs. These clones were further subdivided into two classes ("known" and "unknown") based on the following criteria: "unknowns" must (i) have no predicted transmembrane domains, (ii) have no predicted secretion signal sequence, and (iii) have no structure of themselves or any homolog in the Protein Data Bank. We decided on 30% as the cutoff for homology to produce a pool of proteins of interest to researchers that were reasonable likely to be purifiable. This "unknown" pool contained 3279 clones. The pool was subdivided further into six subpools of approximately 512 ORFs each, which were set up to contain an even distribution of insert sizes. These pools were designated U1 through U6, and were concentration-normalized by the method previously described for the POET analysis of ORFs obtained from Caenorhabditis elegans (16 The green boxes highlight improcxvements made to the previous method that dramatically increase the throughput in recognizing clones that efficiently express using POET.
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and dissolved in Tris-EDTA to a final concentration of 5 ng/μL.
Protein Expression
A single pool containing 512 ORFs [as Gateway attL entry clones (6)] was subcloned into pDest527 (T7 promoter, amino-terminal His 6 fusion) with LR Clonase (Invitrogen) according to the manufacturer's instructions, except that the reaction was allowed to proceed for 5 h at 30°C. Each of the 512 ORFs expressed in this vector contained the sequence MRSGSHHHHHHRSDITSLYKKAG added to its amino end and YPAFLYKVVISLAR added to its carboxyl end due to the lack of the native stop codon. Reaction products were transformed into DH5α cells (Invitrogen), and 1% of the SOC expression mixture was plated on ampicillin. The remaining 99% of the expression mixture was added to 50 mL CircleGrow (QBiogene, Carlsbad, CA, USA) containing ampicillin, and after overnight growth at 37°C, plasmid DNA was purified (Fast Plasmid; Brinkmann, Westbury, NY, USA). Approximately 100 ng pooled expression plasmids were electroporated into E. coli Rosetta (DE3) strain (Novagen, EMD Chemicals, San Diego, CA, USA), which compensates for eukaryotic codons that are rare in E. coli. The 1 mL SOC expression mixture was diluted into 50 mL CircleGrow (containing 100 μg/mL ampicillin) and grown overnight at 37°C. The overnight culture was diluted 1:100 into 1 L CircleGrow (containing 100 μg/mL ampicillin), grown at 37°C to an A 600 of 0.5, and cooled to 16°C, at which time protein expression was induced by adding isopropyl 1-thio-β-Dgalactopyranoside to a final concentration of 0.5 mM. After 16 h at 16°C, cells were harvested and frozen at -80°C. For individual expression of positive and negative clones, individual ORFs were subcloned by LR recombination into pDest527, and expression clones were individually transformed into E. coli Rosetta (DE3) cells and induced under the same conditions as above. Whole-cell samples for gel electrophoresis were generated by centrifugation of 0.05 optical density (OD) units of induced cells, followed by freeze-thaw at -80°C, treatment with 1 U benzonase nuclease at 37°C for 15 min, and addition of standard sodium dodecyl sulfate PAGE (SDS-PAGE) buffers and tris(2-carboxyethyl)phosphine (TCEP). Soluble fractions were generated by a mild detergent lysis of 1 OD units of induced cells using the Readypreps procedure (Epicentre Biotechnologies, Madison, WI, USA). All gel samples were analyzed by SDS-PAGE using 4%-20% Criterion gels (Bio-Rad Laboratories, Hercules, CA, USA).
Protein Purification
Proteins were purified using immobilized metal affinity chroma- tography (IMAC) as described previously (16) . E. coli cell pastes were resuspended using two volumes of extraction buffer per gram of wet weight to achieve a final concentration of 20 mM sodium phosphate buffer, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 5% glycerol, 45 mM imidazole, and complete protease inhibitor-EDTA (Roche Applied Science, Indianapolis, IN, USA) at one tablet/50 mL extract. Cell extracts were treated with 0.5 mg/ mL lysozyme for 30 min and 1 U/mL benzonase (Novagen) for an additional 20 min. Samples were sonicated to lyse the cells, and the lysates was adjusted to 500 mM NaCl. The lysate was centrifuged at 111,000× g for 30 min, filtered (0.45 μm, polyethersulfone membrane), and applied at 0.6 mL/min to 1 ml HisTrap columns (Amersham Biosciences, Piscataway, NJ, USA) equilibrated with extraction buffer in 500 mM NaCl and 45 mM imidazole (binding buffer). The columns were washed with binding buffer until the levels of protein flowing through the column reached base line. Bound proteins were eluted with binding buffer containing 500 mM imidazole into 1 mL fractions, which were subsequently analyzed using SDS-PAGE. The pools created from the IMAC fractions were precipitated by adding 25% (v/v) trichloroacetic acid (TCA) to a final concentration of 6% (v/v). After vortex mixing, the samples were incubated on ice for 5 min followed by centrifugation at 16,100× g for 10 min. The supernatant was removed, and the pellet incubated with ice-cold acetone for 5 min on ice followed by centrifugation at 16,100× g for 5 min. The supernatant was discarded, and the pellet was dried for 2 min at 70°C. The pellet was finally dissolved in solubilization buffer (8 M urea, 4% CHAPS, 50 mM Tris, pH 8.5) at room temperature to a concentration of 20 mg/mL and stored in 50 μL aliquots at -80°C.
Sample Preparation and MS/MS Analysis
The pooled samples were digested with trypsin using 5 mM dithiothreitol (DTT), 25 mM NH 4 HCO 3 , and 0.5 μg 
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The performa nce of the 22 oligo nucleotid e probes used in this study had already been assessed by hybridizi ng PCR products radioactiv ely labeled with P (15). The first step in the present study consisted in testing the behavior of each probe in our system by hybridizin g each Cy5-labe led reverse complem ent oligonuc leotide target individua lly. 
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designed from the mouse labeled with a Cy5 dye at their 3 extremity and harboring a C6-NH2
extremity (see Table 1 ). All the oligonucleoti des were synthesized by Operon Biotechnolog ies GmbH (Cologne, Germany).
Microarray Preparation
The slides used in this study were reflective slides (AmpliSlide s; Genewave, Palaiseau, France) designed for optimal photon collection, providing a signal-to-noi se enhancemen t by a factor of 4 to 5 (16) . These slides are coated with an epoxysilane layer for covalent attachment. Probes were resus pended in a spotting buffer (Genewave)
M and spotted with a split m diameter) under 60 humidity with a MicroGrid II spotter (BioRobotics , Cambridge, UK). For control purposes, probes were spotted in triplicate on four identical blocks in the center of the microarray (see Figure  1B ). Positive controls were also spotted in five replicates on each block. Slides were then mounted in cartridges as described in the Fluidics section.
For LHM validation, we used oligo nucleotide-o ligonucleotid e hybridiza tions. The targets consisted of the 11 reverse complement sequences of the so-called perfect matched (PM) oligo nucleotides of each probe pair (Table 1) terminus. For hybridization of PCR products, each locus was first amplified as described in Bailly et al. (15) , then purified with the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA) and quantified with the NanoDrop 1000 spectrophoto meter (NanoDrop Technologies , Wilmington, DE, USA). For labeling purposes, a second amplification was carried out
Real-tim e Monitor ing of Hybridiz ation
The performa nce of the 22 oligo nucleotid e probes used in this study had already been assessed by hybridizi ng PCR products radioactiv ely labeled with P (15). The first step in the present study consisted in testing the behavior of each probe in our system by hybridizin g each Cy5-labe led reverse complem ent oligonuc leotide target individua lly. These individua l hybridiza tions were followed by hybridiza tions of an equimola r mixture of the 11 targets (1 nM each). Hybridiza tions were carried out for 30 min at 42 C, as described in the Materials and Methods section, and an image was recorded every minute, with an acquisitio n time of 2 s. The These individua l hybridiza tions were followed by hybridiza tions of an equimola r mixture of the 11 targets (1 nM each). Hybridiza tions were carried C, as described in the Materials and Methods section, and an image was recorded every minute, with an acquisitio n time of 2 s. The probes could thus be simultane ously followed by hybridiza tions of an equimola r mixture of the 11 targets (1 nM each). Hybridiza tions were carried C, as described in the Materials and Methods section, and an image was recorded every minute, with an acquisitio n time of 2 s. The probes could thus be simultane ously followed by hybridiza tions of an equimola r mixture of the 11 targets (1 nM each). Hybridiza tions were carried C, as described in the Materials and Methods section, and an image was recorded every minute, with an acquisitio n time of 2 s. The probes could thus be simultane ously
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in the machine, the process is fully automated for a walk-away experiment including hybridization , washing steps, and melting curve determination .
Experimenta l Model
populations of the two sister species S. meliloti and S. medicae. Of the 30 oligonucleoti des previously designed, only the pairs differing by one single nucleotide were used in the present study (see Table 1 ) (i.e., 22 oligonucleotides). Their length varied from 19 to designed from the mouse gaba gene labeled with a Cy5 dye at their 3 extremity and harboring a C6-NH2
The slides used in this study were reflective slides (AmpliSlide s; Genewave, Palaiseau, France) designed for optimal photon collection, providing a signal-to-noi se enhancemen t by a factor of 4 to 5 (16) . These slides are coated with an epoxysilane layer for covalent attachment. Probes were resuspended in a spotting buffer (Genewave)
M and spotted with a split m diameter) under 60 humidity with a MicroGrid II spotter (BioRobotics , Cambridge, UK). For control purposes, probes were spotted in triplicate on four identical blocks in the center of the microarray (see Figure  1B) . Positive controls were also spotted in five replicates on each block. Slides were then mounted in cartridges as described in the Fluidics section.
For LHM validation, we used oligonucleotide-o ligonucleotid e hybridizations. The targets consisted of the 11 reverse complement sequences of the so-called perfect matched (PM) oligonucleotides of each probe pair (Table 1) terminus. For hybridization of PCR products, each locus was first amplified as described in Bailly et al. (15) , then purified with the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA) and quantified with the NanoDrop 1000 spectrophoto meter (NanoDrop Technologies , Wilmington, DE, USA). For labeling purposes, a second amplification was carried out on 5 ng each product, using one oligonucleotide probe as the forward primer and one Cy5-labeled oligonucleot ide target as the reverse primer. PCR conditions were the same as those of the first amplification round, and the program followed by hybridiza tions of an equimola r mixture of the 11 targets (1 nM each). Hybridiza tions were carried C, as described in the Materials and Methods section, and an image was recorded every minute, with an acquisitio n time of 2 s. The probes could thus be simultane ously
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Microarray Preparation
The slides used in this study were reflective slides (AmpliSlide s; Genewave, Palaiseau, France) designed for optimal photon collection, providing a signal-to-noi se enhancemen t by a factor of 4 to 5 (16) Figure  1B) . Positive controls were also spotted in five replicates on each block. Slides were then mounted in cartridges as described in the Fluidics section.
For LHM validation, we used oligo nucleotide-o ligonucleotid e hybridiza tions. The targets consisted of the 11 reverse complement sequences of the so-called perfect matched (PM) oligo nucleotides of each probe pair (Table 1) terminus. For hybridization of PCR products, each locus was first amplified as described in Bailly et al. (15) , then purified with the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA) and quantified with the NanoDrop 1000 spectrophoto meter (NanoDrop Technologies , Wilmington, DE, USA). For labeling purposes, a second amplification was carried out oligonuc leotide target individua lly. These individua l hybridiza tions were These individua l hybridiza tions were followed by hybridiza tions of an followed by hybridiza tions of an in the machine, the process is fully populations of the two sister species S. meliloti second amplification was carried out on 5 ng each product, using one oligo followed by hybridiza tions of an
INTRODUCTION
Although other groups have reported real-time hybridization and thermal denaturation measurements (6-14), a complete stand-alone system compatible with standard microarray slides is still lacking. We have addressed this problem by developing an innovative biochip tool that integrates a real-time fluorescence reader to a hybridization/ washing station equipped with highly efficient mixing and precise temperature controls. This integrated live hybridization machine (LHM), which will soon be commercially available, allows real-time measurement of the hybridization and melting of target DNA to thousands of probes simultaneously.
Here we describe the performance of the LHM with a set of oligonucleotide probes aimed at discriminating polymorphisms in the symbiotic sister species Sinorhizobium meliloti and Sinorhizobium medicae. Our results show that the LHM provides excellent levels of detection and superior Innovat ive integrat ed system for real-tim e measure ment of hybridiz ation and melting on standar d format microar rays 
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The performa nce of the 22 oligo nucleotid e probes used in this study had already been assessed by hybridizi ng PCR products radioactiv ely labeled with P (15). The first step in the present study consisted in testing the behavior of each probe in our system by hybridizin g each Cy5-labe led reverse complem ent oligonuc leotide target individua lly.
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For LHM validation, we used oligo nucleotide-o ligonucleotid e hybridiza tions. The targets consisted of the 11 reverse complement sequences of the so-called perfect matched (PM) oligo nucleotides of each probe pair (Table 1) terminus. For hybridization of PCR products, each locus was first amplified as described in Bailly et al. (15), then purified with the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA) and quantified with the NanoDrop 1000 spectrophoto meter (NanoDrop Technologies , Wilmington, DE, USA). For labeling purposes, a second amplification was carried out oligonuc leotide target individua lly.
second amplification was carried out
Research Reports sequencing-grade modified trypsin (Promega, Madison, WI, USA). All of the samples were desalted with C 18 Zip Tips (Millipore, Billerica, MA, USA) following the manufacturer's protocols prior to MS analysis. Chromatographic separations of desalted tryptic peptides were conducted using nanocolumns prepared in-house. A 75 μm inner diameter × 360 μm outer diameter × 10 cm-long fused silica capillary column (Polymicro Technologies, Phoenix, AZ, USA) with one end flame-pulled to a fine tip (∼5-to 7-μm orifice) was slurry-packed with 5 μm, 300-Å pore size C 18 stationary phase (Phenomenex, Torrance, CA, USA).
The reversed-phase separations were performed by injecting 5 μL sample per analysis. The columns were connected via a stainless steel union to an Agilent 1100 Nanoflow LC system (Agilent Technologies, Palo Alto, CA, USA), which was used to deliver solvents A (0.1% HCOOH in water) and B (0.1% HCOOH in CH 3 CN). After the sample was injected, a 20 min wash with 98% mobile phase A was used to flush any remaining salts from the sample. Peptide elution was accomplished using a linear gradient of 2% mobile phase B to 42% solvent B over 40 min with a constant flow rate of 250 nL/min. The column was flushed for 15 min with 98% mobile phase B and re-equilibrated with 98% mobile phase A prior to subsequent sample loading.
The nanoflow reversed-phase LC column was coupled online to a LIT mass spectrometer (LTQ; ThermoElectron, Thermo Fisher Scientitic, San Jose, CA, USA) using the manufacturer's nanoelectrospray source with an applied electrospray potential of 1.7 kV and capillary temperature of 160°C. The LIT mass spectrometer was operated in a datadependent mode in which each full MS scan was followed by five MS/MS scans, where the five most abundant peptide molecular ions detected from the MS scan were dynamically selected for five subsequent MS/MS scans using a normalized collision-induced dissociation (CID) energy of 35% and a dynamic exclusion of 60 s to reduce redundant selection of peptides. The CID spectra were analyzed using SEQUEST operating on a Beowulf 18-node parallel virtual machine cluster computer (ThermoElectron, Thermo Fisher Scientific, Waltham, MA, USA) using a combined UniProt nonredundant E. coli and human proteome database (containing 43,137 protein sequences) downloaded January 2006 (www.expasy.org). Only peptides with conventional tryptic termini (allowing for up to two internal missed cleavages) possessing delta-correlation scores (ΔC n ) > 0.08 and charge state-dependent crosscorrelation (X corr X corr X ) criteria as follows were considered as legitimate identifi- 
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cations: >1.9 for +1 charged peptides, >2.2 for +2 charged peptides, and >3.1 for +3 charged peptides.
Quantitation of Protein Abundance
The relative abundance of proteins in the POET pooled was calculated using emPAI as described previously (17) . In this method, the PAI value for each protein is initially calculated and then converted to a corresponding emPAI score by raising 10 to the power of PAI, then subtracting 1 (10 PAI -1). The PAI value is determined by dividing the number of experimentally identified peptide fragments from an MS analysis by the total number of possible observable peptide fragments (N obsvd /N obsvbl ) for each individual protein. The emPAI index allows a quick and easy estimation of total protein content by normalizing the data to the number of theoretical peptides in a mixture of proteins. The emPAI values were calculated and averaged over three separate LC-MS/ MS analyses of each of the three samples of purified proteins obtained from the expressed ORF pools (nine replicates total).
RESULTS
We previously developed the POET method as a procedure for finding which ORFs in a pool of hundreds of ORFs can be most efficiently converted, by cloning, expression, and purification, into their corresponding recombinant proteins (16) . By combining n ORFs into a single pool, tasks that need to be conducted for each individual clone (transformation, plating, colony picking, culture, induction, lysis, assays of solubility, and purification) are reduced n-fold. Where the previous method was lacking was in the need to quantitate the expression levels of the individual ORFs through the visualization of the proteins separated using 2D-PAGE. The throughput of this method was severely compromised by the need to conduct in-gel digestion and MS identification of all of the visualized spots. A significant portion of the spots were identified as host E. coli proteins and therefore contribute no information concerning the expression efficiency of the proteins within the ORF pool. In the method presented in this article (Figure 1) , proteins purified from a pool of 512 ORFs expressed in E. coli are tryptically digested and directly analyzed using LC-MS/MS. From these data, emPAI scores are calculated for each of the identified proteins to obtain a measure of their abundance. The pool of 512 ORFs was expressed and purified in three different experiments using the same conditions, and each of these mixtures was analyzed three times using the sample preparation and LC-MS/ MS method described in the Sample Preparation and MS/MS Analysis section.
The 15 most abundant proteins present within the mixture obtained from the expressed and purified ORFs based on the emPAI values determined in the triplicate analysis of the first ORF pool are shown in Table 1 .
As with our previous study that used 2D-PAGE to quantitate the proteins prior to MS identification, SlyD, DnaK, GroEL, and OmpF were among the most abundant E. coli proteins. The emPAI values for the top 15 most abundant proteins are given for each of three separate LC/MS analysis. The reproducibility between analyses is very good, resulting in similar emPAI values for each experiment conducted for a single POET pool. Included in this table is the peptide count for each protein identified in the three separate LC/MS/MS experiments. Since the peptide count along with the theoretical peptide count is used to calculate the emPAI values, their reproducibility mirrors that of the corresponding emPAI values.
Three completely separate experiments (i.e., expression, purification, sample preparation, and LC-MS/ MS analysis) were conducted using equivalent aliquots of the 512 ORF-containing POET pool. 
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The mean emPAI values and their associated standard deviations for the 25 most abundant proteins found in the first POET experiment are listed in Table 2 . The reproducibility over the three separate experiments is high, and the standard deviations for the mean emPAI values are low. While some minor variances are observed between the mean emPAI values for individual proteins in the three experiments, this discrepancy is well within the limits of the random selection of peptide for sequencing that is seen in data-dependent MS/MS analysis of complex protein mixtures. Each of the 25 proteins shown in Table 2 was ranked based on their emPAI values calculated from the three separate POET experiments that examined the same pool of 512 human ORFs. As shown in Table 3 , proteins that ranked high in one experiment also typically ranked high in the other two experiments. For example, SlyD ranked as either the first or second most abundant protein based on emPAI values in the three POET experiments. Most of the proteins identified within the 10 most abundant proteins in the first experiment were also found within the top 10 of the other two experiments. These results highlight the reproducibility in conducting such studies to find the human clones that express high levels of proteins using this pooled method. One exception was Sp17, which gave a relatively high emPAI score in the first experiment, but ranked 69 and 11 in experiments two and three, respectively.
The ORFs corresponding to the top 11 emPAI scores were individually subcloned to serve as positive standards for individual expression. In addition, 11 clones that were not identified by LC-MS/MS among the pools of soluble expressed proteins were subcloned to serve as negative controls. Subclones were generated in pDest527, and each of the 22 clones was individually expressed under the same conditions as the POET experiment. Whole-cell extracts were prepared to identify expressed proteins, and soluble fractions were separated by mild detergent lysis. Samples of these fractions were run on SDS-PAGE gels, and the results are shown in Figure 2 . All 11 positive clones (as identified by their emPAI values) showed strong expression in the whole-cell extracts, as shown in Table 4 . Of these, six showed high levels of expression of soluble protein, while three additional proteins showed moderate levels of expressed soluble protein. Of the remaining two, soluble protein could be detected for one of the proteins using Western blotting analysis with an anti-His6 antibody, and appreciable levels of soluble protein could not be detected for the other.
In the individual validation of 11 negative clones (Table 5) , seven showed expression, although as a whole, levels were lower than those observed for the positive clones. Four negative clones showed no detectable expression in Coomassie-stained gels. Only one of the negative proteins was observed in the soluble fraction by Coomassie staining, with a low level of a second protein being detectable using Western blot analysis. The remaining nine negative clones showed no detectable soluble protein.
Taken together, these data argue for the strong correlation of high emPAI scores from the soluble POET pool and solubility behavior in individual expression experiments. These data are also similar to the results obtained in our previous study, suggesting that the much more efficient and high-throughput direct LC-MS/ MS approach using emPAI scores is comparable in data quality to the more laborious 2D-PAGE gel approach to POET.
DISCUSSION
The current trend in biological sciences is to develop methods that collect large amounts of data in a high-throughput manner. These trends can be seen in genome sequencing, messenger RNA (mRNA) array analysis, and proteome characterization by MS. Unfortunately, the optimization of protein expression conditions has generally been limited to trial and error studies in which single clones are tested per experiment (9) (10) (11) . While automation has enabled multiplexing of these trial The nal column indicates the lane in the gel shown in Figure 2 . ORF, open reading frame; POET, pooled ORF expression technology; emPAI, exponentially modied protein abundance index. Table S1 available online at www. BioTechniques.com) shows that the ratio of human to E. coli proteins is approximately 3-fold higher in the bottom 50 percentile of all proteins that generated an emPAI value (c.f., 6.4 to 2.3). The reason for, or the statistical relevance of, this difference is not obvious. It may be related to the fact that the 512 cloned human ORFs are under the control of an inducible vector, whereas the E. coli proteins are internally regulated based on the needed response by the organism. While E. coli may require a large number of proteins to be expressed for survival under the growth conditions used in this study, low levels of most of these proteins may be sufficient.
One drawback to the POET approach is that multiple proteins are likely being expressed in the same E. coli cell, meaning that a protein could potentially be stabilized by an interaction with another ORF. Conditions of higher stress in the POET pool could also lead to upregulation of chaperones, which might also assist in the soluble production of some proteins. The single negative clone that when individually expressed made considerable soluble protein, may be due to a pooling error, as the original POET pools were manually assembled.
The ability to screen a large number of cloned ORFs in a single high-throughput experiment opens up a number of opportunities in structural proteomics. For instance, interesting proteins, such as those classified as hypothetical that have no apparent homology to known proteins, can be prepared in a single pool and their expression efficiency quickly determined. Functionally related pools (e.g., kinases, phosphatase, transcription factors) can also be created, and their recombinant expression tested. POET can also be used in combination with Gateway technology as a filtering tool to determine the best expression vector for individual ORFs. For example, a pool of 500 ORFs could be cloned into multiple different vectors and expressed, purified, and analyzed directly by LC-MS/MS. The emPAI values calculated from each experiment would then indicate the optimal vector for each ORF. The same principle could be used to optimize the expression conditions (e.g., temperature, induction time) for pools of cloned ORFs.
While the quantitation of the protein's relative abundance using a direct LC-MS/MS and emPAI approach represents a major improvement over the previous POET method that required 2D-PAGE/ staining, there are still other areas that can be improved upon. For example, this study analyzed a pool of 512 cloned ORFs, while our previous study analyzed a pool containing 688. The effect that each recombinant protein may have on the expression of another cannot be easily determined in our study. Therefore, optimization of the number of cloned ORFs that can be most effectively analyzed in a single pool using POET needs to be determined. While conventional thinking is to make the pools as large as possible to increase the number of positive expressors found per experiment, large pools may have an adverse effect on the host machinery, thereby hampering efficiency. Analysis of smaller pools of ORFs may ultimately be a more efficient method, as it may minimize the effect of recombinant protein perturbation on the host cell. 
